Coupling agents are traditionally used to improve the interfacial adhesion between inorganic fillers and a polymer matrix; however, the application of this method is somewhat limited by the number of hydroxyl groups on the surface of inorganic fillers. In this study, a layer of calcium hydroxide (Ca(OH ) 2 ) was coated on the surfaces of calcium sulfate whiskers (CSW) through hydroxylation modification using sodium hydroxide (NaOH) to increase the hydroxyl groups of the CSW, and then a polyether titanate coupling agent synthesized in our lab was used to modify Ca(OH) 2 coated CSW in order to improve their compatibility with poly(vinyl chloride) (PVC). The chemical structure and surface properties of the modified CSW were characterized by X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and water contact angle (WCA). Then, CSW/PVC and modified CSW/ PVC composites were prepared via a two-roll mill, and the effects of the inorganic-organic surface modification of CSW on their mechanical and thermal properties were evaluated. The results show that hydroxylation modification can further improve the compatibility and the interfacial adhesion between CSW and the PVC matrix, which results in better mechanical and thermal properties.
Introduction
Calcium sulfate whiskers (CSW) are one of the most promising reinforcing llers capable of improving the performance (e.g., impact resistance, Young's modulus and thermal resistance) of poly(vinyl chloride) PVC composites [1] [2] [3] [4] [5] due to their outstanding properties such as integrated shape, high intensity, hightemperature resistance, large aspect ratio and high tenacity. 6, 7 However, because of their high surface energy, CSWs incorporated in the polymer matrix are prone to aggregation and hence oen exhibit poor dispersion, which can compromise the performance of the composites. 8 In addition, the distinct difference in the surface energy between hydrophilic CSW and hydrophobic polymers is the main contributor to the poor interfacial interaction. 9 Thus, many efforts have been devoted to convert the hydrophilic surface into a hydrophobic one to improve the compatibility between CSW and the polymer matrix.
1,10-12 Surface modication is able to improve the interfacial affinity between the inorganic llers and the polymer matrix. [13] [14] [15] [16] [17] [18] [19] [20] [21] This is typically accomplished with the use of coupling agents capable of reacting with hydroxyl groups. Ma et al. 22 used a KH570 silane coupling agent to improve the dispersion stability of ZnO nanoparticles. Truong et al. 23 treated Al 2 O 3 nanoparticle surface with two different silane coupling agents to improve hydrophobic interactions with the syndiotactic polypropylene matrix. Yang et al. 24 modied nano-CaCO 3 using three different coupling agents (KH560, KH570 and NDZ-101) and then prepared silicone rubber/nano-CaCO 3 shell-core structured llers to reinforce rigid PVC. Shah et al. 25 have shown that chitin and chitosan as novel coupling agents could effectively improve the interfacial adhesion between the wood bers and PVC. However, the surface modication effect of these coupling agents depends heavily on the hydroxyl number on the surface of the llers, and rather disappointingly, it is not desirable in most cases because of the small number of hydroxyl groups on the surface of most inorganic llers. Obviously, it is important to increase the number of hydroxyl groups on the surface of some inorganic llers. In our previous work, a polyether titanate coupling agent (eTi 4000 ) synthesized using polyethyleneglycol (PEG4000) was directly used to modify the surface of CSW. 26 The hydroxyl groups on the CSW surface can interact with eTi 4000 to bridge CSW and PVC matrix, but the modication effect is also restricted by the limited number of hydroxyl groups on the CSW surface, thus affecting the overall performance of the PVC composites.
In this study, a layer of calcium hydroxide (Ca(OH) 2 ) was coated on the surface of CSW by a simple precipitation reaction in order to impart CSW surface with more hydroxyl groups, which was then treated with a polyether titanate coupling agent (eTi 4000 ) synthesized in our lab in order to further improve the interfacial adhesion strength between CSW and the PVC matrix. The chemical structure and surface properties of modied CSW (mCSW) were characterized by X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and water contact angle (WCA), and the effect of inorganic-organic surface modication of CSW on the mechanical and thermal properties of PVC composites was evaluated.
Experimental

Materials
Sodium hydrate (analytically pure) and anhydrous sodium sulfate (analytically pure) were purchased from Shanghai Lingfeng Reagent Co., Ltd. (Shanghai, China). PVC (SG-5) (particle size: 200-250 mm; intrinsic viscosity: 112 mL g À1 ; the number of impurity ions # 10; the volatile matter content # 0.16%; apparent density $ 0.54 g mL À1 ; whiteness% $ 84. 
Modication of CSW
mCSW with rich hydroxyl groups (OH-CSW) were prepared as follows: 40 g of NaOH and 14.2 g of Na 2 SO 4 were added into 1 L of distilled water in a three-necked round-bottom ask tted with a mechanical overhead stirrer. Then, 542.0 g of CSW was added into the solution and vigorously stirred at 25 C in water bath for 2 h. The slurry was ltered, washed with distilled water until the pH was around 7 and dried at 100 C for 24 h. OH-CSW was modied by eTi 4000 as follows: 3 wt% coupling agent eTi 4000 relative to OH-CSW was pre-hydrolyzed in 95 wt% ethanol solution, and then a certain amount of OH-CSW was sequentially added into a three-necked round-bottom ask tted with a mechanical overhead stirrer. The mixture was stirred at 75 C for 4 h, and the obtained products were dried under vacuum at 100 C for 2 h to remove excess water and the inorganic-organic modied CSW (eTi 4000 -OH-CSW) was prepared.
Preparation of PVC composites
The PVC composites were prepared as described in our previous study: 26 PVC resin (100 phr) was mixed with various contents of CSW or mCSW (including eTi 4000 -CSW and eTi 4000 -OH-CSW) using organic tin (2 phr) as a heat stabilizer and DOP (4 phr) as a plasticizer. GMS (0.6 phr), ACR (4 phr), and paraffin wax (0.4 phr) were then added. The mixture was mixed thoroughly and then processed using a two-roll mill at 170 C for 10 min (nip gap: 1 mm, rotating speed: 20 rpm). The resultant compound was molded into rectangular sheets by compression molding at 170 C and 10 MPa for 5 min using a plate vulcanizing press. As a control, PVC without whisker was prepared following to the same procedure.
Characterization and measurements
The FTIR spectra were recorded on a Nicolet 6700 FT-IR spectrometer (New York, USA) with a scan number of 32 and a resolution of 4 cm
À1
. XRD patterns were determined on D/Max 2550v diffractometer (Tokyo, Japan) using Cu Ka radiation. The surface morphology was characterized by XPS (ESCALAB 250Xi, New York, USA) with a Mg Ka photon energy of 1253.6 eV. WCA (JC2000D1, Shanghai, China) was measured to determine the hydrophobicity of samples. Drops of deionized water (3 mL) were deposited on six different spots of each surface, and the average of the six measurements was reported. The tensile and exural properties were determined using a MTS E44 universal testing machine in accordance with ISO 527 and ISO 178, respectively. At least ve independent measurements were made for each sample. The dynamic mechanical properties were determined using a TA Instruments Q800 (TA instruments, New Castle, USA) in a threepoint bending mode at a vibration frequency of 1 Hz from 25 to 140 C at a heating rate of 3 C min
. The cryo-fractured surfaces in liquid nitrogen and the tensile fractured surfaces of the samples were observed using a S-4800 eld emission scanning electron microscope (SEM, Tokyo, Japan). Prior to SEM observation, the fracture surfaces were coated with a thin gold layer. Vicat soening temperatures (VST) were measured using a VST tester (ZWK1302-B, MTS, Shenzhen, China) in accordance with ISO 306 at a load of 10 N and a heating rate of 120 C h
. Thermogravimetric analysis (TGA) was carried out using a Netzsch STA 409PC thermogravimetric analyzer at a heating rate of 10 C min À1 to 600 C under a nitrogen atmosphere. Fig. 1 shows the XRD patterns of CSW (Fig. 1a) and OH-CSW (Fig. 1b) . Compared with Fig. 1a , new peaks are observed in Fig. 1b compared with Fig. 1a , which are assigned to the diffraction peaks of Ca(OH) 2 corresponding to the crystal faces of (101), (102) and (110). Also, Fig. 1b shows that the intensity of the diffraction peaks of CSW is weaker than that in Fig. 1a due to the presence of the Ca(OH) 2 layer coated on its surface. Fig. 2 shows the FTIR spectra of CSW (Fig. 2a) , OH-CSW (Fig. 2b) , eTi 4000 -CSW (Fig. 2c) and eTi 4000 -OH-CSW (Fig. 2d) . A weak absorption band is observed at around 3620 cm À1 in Fig. 2a , indicating that there are only a few hydroxyl groups on the surface of unmodied CSW. In Fig. 2b , the peak corresponding to the hydroxyl groups becomes much stronger, indicating that hydroxylation modication results in an increase in the number of hydroxyl groups on the surface of OH-CSW. The broad absorption band at about 3415 cm À1 should be assigned to the stretching vibration of O-H groups that form hydrogen bond. Compared with CSW, two new absorption peaks are observed at 2950 cm À1 and 2360 cm À1 in the FTIR spectra of eTi 4000 -CSW and eTi 4000 -OH-CSW, which are the characteristic absorption bands of eTi 4000 . Thus, CSW has been successfully modied by eTi 4000 .
Results and discussion
XRD and FTIR analysis
XPS and WCA measurement
The XPS spectra of CSW, eTi 4000 -CSW, OH-CSW and eTi 4000 -OH-CSW are shown in Fig. 3a , b, c and d, respectively, and Fig. 3a and b are taken from our previous work. 26 In the O 1s XPS spectra (Fig. 3a) , the peak at 532.0 eV is attributed to the interaction between Ca 2+ and SO 4
2À
, and the signal of C-O at 532.6 eV might be due to the impurity or contamination. The peak at 531.7 eV in Fig. 3b is attributed to the O-H bond resulting from the crystal water in the modication process and the coupling agent with hydroxyl groups. The peak at 532.6 eV is assigned to C-O. However, the peak at 532.6 eV in Fig. 3b is larger than that in Fig. 3a The peak at 531.2 eV in Fig. 3d becomes weaker than that in Fig. 3c , this is because some hydroxyl groups are depleted by the coupling reaction with eTi 4000 . The peak at 532.6 eV in Fig. 3d is marginally larger than that in Fig, 3c , indicating that more eTi 4000 has been graed on CSW surface aer the hydroxylation modication. These results are consistent with FTIR spectra. The surface properties of CSW and mCSW are evaluated by WCA, which gives the information of affinity between CSW and the PVC matrix. Fig. 4 shows the WCA on CSW, eTi 4000 -CSW, OH-CSW and eTi 4000 -OH-CSW, respectively. The WCA of CSW is 24.5 , indicating poor hydrophobicity, while that of eTi 4000 -CSW is increased to 78.5 , indicating that modication by eTi 4000 enable the CSW surface to be more hydrophobic. However, it is interesting to note that the WCA of OH-CSW is reduced to 18.0 ( Fig. 4c) showing an increase in hydrophilicity compared with CSW ( Fig. 4a ), which can be attributed to the Ca(OH) 2 layer coated on the CSW surface. Furthermore, the WCA of eTi 4000 -OH-CSW is 89.4 , indicating that its hydrophobicity is further increased compared with eTi 4000 -CSW. The results indicate that the chemical reactivity of CSW is enhanced aer hydroxylation, because the Ca(OH) 2 layer coated on the CSW surface can provide more hydroxyl groups which can react with more eTi 4000 molecules compared with untreated CSW. Thus, the more the coupling agent eTi 4000 bonded on the OH-CSW surface, the better the hydrophobicity of eTi 4000 -OH-CSW and the compatibility between CSW and the PVC matrix will be.
SEM analysis
The SEM images of CSW, eTi 4000 -CSW, OH-CSW and eTi 4000 -OH-CSW are shown in Fig. 5 , and the insert at the top right corner shows the enlarged images of samples in order to observe the ne structure of whisker surface more clearly. Fig. 5A and B clearly show that modication by eTi 4000 results in no signi-cant changes in the surface morphology of eTi 4000 -CSW, indicating that the morphology can be hardly affected by eTi 4000 modication. However, NaOH hydroxylation makes the CSW surface rougher due to the deposition of Ca(OH) 2 layer (Fig. 5C) . And Fig. 5D shows that the surface morphology of eTi 4000 -OH-CSW is similar to that of OH-CSW. The deposition process of Ca(OH) 2 is assumed to occur on the surface of CSW when NaOH and Na 2 SO 4 are added into the suspension. There is a chemical equilibrium in the solution:
The chemical structure of eTi 4000 is presented in Scheme 1. The corresponding EDS spectra of CSW, eTi 4000 -CSW, OH-CSW and eTi 4000 -OH-CSW are shown in Fig. 5a , b, c and d, respectively, and the EDS results are summarized in Table 1 . The EDS results of CSW and eTi 4000 -CSW are taken from our previous study for comparison. 26 The comparison between CSW and eTi 4000 -CSW shows that eTi 4000 modication should be responsible for the increase of O content and the decrease of Ca and S content in eTi 4000 -CSW. A signicant amount of P and Ti elements are also detected on the eTi 4000 -CSW surfaces. However, for OH-CSW, the Ca(OH) 2 layer leads to an increase in the O and Ca content as well as a decrease in the S content. For eTi 4000 -OH-CSW, the P and Ti content increases to different extents compared with eTi 4000 -CSW, indicating that aer hydroxylation, the more the hydroxyl groups on the CSW surface, the more the eTi 4000 can be bonded.
Mechanical performance of PVC composites
The tensile properties of pure PVC, CSW/PVC, eTi 4000 -CSW/PVC and eTi 4000 -OH-CSW/PVC composites, as a function of ller loading (0 to 30 wt%) are shown in Fig. 6 . Fig. 6a shows that the Young's modulus of all composites is much higher than that of the PVC matrix, indicating that the addition of CSW, unmodied and modied alike, can increase the stiffness of the PVC matrix. The Young's modulus is the ratio of stress to strain in the elastic range. However, as the strain in elastic deformation is very small for polymer composites, the Young's modulus is not so sensitive to the interfacial adhesion. As CSW has a much higher Young's modulus than the PVC matrix, the Young's modulus of the composites tends to increase with the increase of CSW loading. 27 In addition, eTi 4000 -CSW/PVC and eTi 4000 -OH-CSW/PVC composites have a higher Young's modulus than CSW/PVC composites, indicating that surface modication can further improve the reinforcement effect of CSW.
The yield strength, breaking strength and elongation at break are much more sensitive than Young's modulus to the interfacial adhesion, because these parameters are more intimately associated with plastic deformation. It is shown that the yield strength of CSW/PVC composites is lower than that of the PVC matrix, and it decreases sharply with the increase of CSW content (Fig. 6b) . A similar trend can also be observed for eTi 4000 -CSW/PVC composites, although they have a higher yield strength than those CSW/PVC composites with the same CSW content. It is interesting that the yield strength of eTi 4000 -OH-CSW/PVC composites has a relatively low dependence on CSW content, and it is much higher than that of CSW/PVC and eTi 4000 -CSW/PVC composites, especially at high CSW loadings. For example, the yield strength of the eTi 4000 -OH-CSW/PVC composite with 30 wt% of CSW is 53.8 MPa, which is much higher than that of CSW/PVC (35.6 MPa) and eTi 4000 -CSW/PVC (40.8 MPa) composites with the same CSW loading. Fig. 6c shows that surface treatment also plays a key role in the breaking strength of the composites. eTi 4000 -OH-CSW/PVC composites have the highest breaking strength at the same CSW loading owing to the strongest interfacial adhesion between eTi 4000 -OH-CSW and the matrix. For unmodied CSW/PVC composites, the poor compatibility between CSW and the PVC matrix leads to poor stress transfer at the ller/matrix interface, [28] [29] [30] and consequently poor mechanical properties of CSW/ PVC composites.
The elongation at break of eTi 4000 -OH-CSW/PVC composites rst increases with increasing CSW loading and reaches a maximum of 147% at 10 wt% of CSW, with an increase of 28% compared with unmodied CSW/PVC composites. However, it shows a substantial decrease with further increase of CSW loading, which is characteristic of brittle fracture. These results can be explained by the following reasons. First, it is known that stress concentration plays an important role in initiating plastic deformation of the polymer matrix, such as crazing or shearing. 31 Due to the strong interfacial adhesion between eTi 4000 -OH-CSW and the PVC matrix, the stress can be effectively transferred between them. Thus, debonding is unlikely to occur between CSW and the matrix, and the stress concentration effect of CSW is highly limited and cannot initiate sufficient plastic deformation of the matrix, resulting in an abrupt decrease in elongation at break at high CSW loadings. On the other hand, the brillar whisker can restrict the polymer chain motion of the matrix, 32 which is greatly enhanced by the strong interfacial adhesion.
The strong interfacial adhesion of the composites originates from the interaction between the two phases. Because both PVC and titanate are polar molecules, there are electrostatic interactions between them, which can contribute to the increase of the compatibility between CSW and PVC. On the other hand, the active hydrogen atom (marked red in the PVC structure in Fig. 7) is likely to form a weak hydrogen bond with oxygen atom (marked red in the titanate in Fig. 7) . 33, 34 Also, the chlorine atom (marked blue in the PVC structure in Fig. 7 ) can also form a weak hydrogen bond with hydrogen atom (marked blue in the titanate in Fig. 7 ). These hydrogen bonds contribute to improving the affinity between PVC and titanate. Thus, coupling agent molecules bonded on CSW surface can result in good interfacial compatibility and strong interfacial adhesion between CSW and the PVC matrix, and consequently an increase in strength and modulus. 28, 29, 35 Aer Ca(OH) 2 is deposited on the CSW surface, the number of hydroxyl groups on the CSW surface sharply increases, thus more titanate molecules can be linked on the CSW surface by chemical bonding, as shown in Fig. 8 . As a result, the compatibility and the interfacial adhesion between CSW and the PVC matrix can be further improved by hydroxylation modication. The stress transfer is improved and the stress concentration effect at the CSW/PVC interface is minimized, resulting in higher Young's modulus, yield strength and breaking strength of eTi 4000 -OH-CSW/PVC composites than CSW/PVC and eTi 4000 -CSW/PVC composites at the same CSW loading.
The exural modulus of PVC, CSW/PVC, eTi 4000 -CSW/PVC and eTi 4000 -OH-CSW/PVC composites is shown in Fig. 9 . The exural modulus of CSW/PVC composites increases with the increase of CSW loading in the PVC matrix. Titanate treatment leads to a further increase in exural modulus of eTi 4000 -CSW/ PVC composites compared with that of unmodied CSW/PVC composites, which can be attributed to the improved interfacial compatibility. eTi 4000 -OH-CSW/PVC composites exhibit an even higher exural modulus than eTi 4000 -CSW/PVC, especially Fig. 7 The hydrogen bonds between PVC and titanate. at CSW loadings between 10-20 wt% due to the more homogeneous dispersion of eTi 4000 -OH-CSW and the stronger adhesion between eTi 4000 -OH-CSW and the PVC matrix. The exural modulus of eTi 4000 -OH-CSW/PVC composites with 15 wt% eTi 4000 -OH-CSW reaches 3807 MPa, with an increase of 40% and 23% compared with that CSW/PVC and eTi 4000 -CSW/PVC composites, respectively. DMA test was performed to evaluate the effect of modica-tion on the interfacial properties of composites under dynamic loading. The variations of the storage modulus (E 0 ) and tangent d (tan d) with temperature for CSW/PVC and mCSW/PVC composites are shown in Fig. 10 , and the storage modulus at 30 C and the glass transition temperature determined from tan d peak value of all composites are summarized in Tables 2  and 3 respectively. It can be seen from Table 2 that the storage modulus of unmodied CSW/PVC composites increases with the increase of CSW content until a maximum is reached at 15 wt%, aer which it remains almost unchanged with further increase of CSW content. However, a quite different trend is observed for mCSW/PVC composites, and their storage modulus increases continually with the increase of mCSW content and it is higher than the corresponding CSW/PVC composite with the same CSW content. It is noteworthy that eTi 4000 -OH-CSW/PVC composite even has a higher modulus compared with eTi 4000 -CSW/PVC composite. This results indicate that the modication of CSW results in an increase in interfacial interaction, as described earlier.
It is interesting that the glass transition temperatures of all composites increase with CSW content at rst and then decrease, and the maximum is reached at 20 wt% CSW for CSW/ PVC composites, and at 15 wt% for mCSW/PVC composites, respectively (Table 3) . Ou et al. 36 observed the similar trend in SiO 2 /PMMA composite, which could be attributed to two inverse effects with the addition of inorganic llers: (1) addition of inorganic llers can restrict the motion of polymer chains, resulting in an increase in glass transition temperature with the ller content; (2) the addition of inorganic llers can increase the free volume of composites, resulting in an increase in the motion of polymer chains, and consequently a decrease in glass transition temperature with the ller content. On the other Fig. 9 Flexural properties of CSW/PVC and mCSW/PVC composites with various whisker contents. hand, because eTi 4000 with long exible segments can penetrate into the PVC matrix, the presence of eTi 4000 segment can reduce to some extent the dipole-dipole interaction between PVC molecular chains. The molar fraction of eTi 4000 segment increases with the content of mCSW, which makes the maximum glass transition temperature of mCSW/PVC earlier than that of unmodied CSW/PVC composite.
Morphology
SEM observation provides necessary information concerning the interfacial adhesion. Fig. 11 shows SEM images of the tensile fracture surfaces of CSW/PVC, eTi 4000 -CSW/PVC and eTi 4000 -OH-CSW/PVC composites with different whisker contents. The voids resulting from the pulling out of CSW from the matrix can be readily seen in Fig. 11A1 , because the large difference in polarity between CSW and PVC causes very poor interfacial compatibility. The CSW surface is relatively clean and smooth, indicating weak interactions between CSW and the matrix. 37, 38 This is especially true at high CSW loadings (Fig. 11B1) . The modication by eTi 4000 results in an improvement of the interfacial compatibility between eTi 4000 -CSW and the PVC matrix, and consequently intimate contact between them (Fig. 11A2) . For eTi 4000 -OH-CSW/ PVC composites (Fig. 11A3) , there is no obvious gap between CSW and the matrix, indicating that inorganic-organic modi-cation results in a signicant improvement of the interfacial adhesion. Importantly, many CSWs are broken in the tensile process, indicating that the applied stress can be efficiently transferred between the two phases.
The difference in interfacial adhesion between different composites becomes more pronounced at high CSW loadings (Fig. 11B1-B3 ). For CSW/PVC composite (Fig. 11B1) , many intact CSWs with a smooth surface can be observed on the fracture surface (shown by arrows), indicating that the applied stress cannot be sufficiently transferred from the matrix to CSWs due to the poor interfacial adhesion. For eTi 4000 -CSW/ PVC composite, some broken CSWs (shown by arrows), as well as some intact CSWs, are observed. In contrast, for eTi 4000 -OH-CSW/PVC composite, there are almost no intact CSWs on the surface, and they are fractured in the tensile process due to the applied stress transferred from the matrix, indicating strong interfacial adhesion between the two phases. Fig. 12 shows SEM images of the cryo-fractured surfaces of CSW/PVC, eTi 4000 -CSW/PVC and eTi 4000 -OH-CSW/PVC composites with 5 wt% and 30 wt% CSW aer quenching in liquid nitrogen, respectively. In Fig. 12A1 , there are some smooth CSWs (shown by arrows) on the fractured surface, indicating pulling-out of CSW from the PVC matrix because of the poor interfacial interaction; in Fig. 12A2 , only few eTi 4000 -CSW are pulled out from the matrix, and most of them are fractured owing to the strong interfacial adhesion between eTi 4000 -CSW and the matrix, whereas in Fig. 12A3 , almost all eTi 4000 -OH-CSW are fractured and embedded in the PVC matrix, indicating that the inorganicorganic modication effectively improves the interfacial adhesion strength. The SEM images of the composites with 30 wt% whisker are shown in Fig. 12B1-B3 . The fractured surface of CSW/PVC composite with 30 wt% whisker shows obvious agglomeration of CSW with debonding and smooth surface, which can be attributed to the poor adhesion between CSW and PVC. In  Fig. 12B2 , the agglomeration of CSW becomes less pronounced.
More importantly, eTi 4000 -OH-CSW are distributed homogeneously in the PVC matrix and no pulling-out of CSW from the matrix is observed (Fig. 12B3) , indicating that inorganic-organic modication is favorable to improve the adhesion between CSW and the PVC matrix. These results are consistent with the tensile SEM analysis. Fig. 13 shows the variation of the VST of CSW/PVC and mCSW/ PVC composites as a function of CSW loading. VST could reect the moving ability of the polymer chains, and the more difficult it is for the polymer chains to move, the higher the VST will be. It is clear that the VST of CSW/PVC, eTi 4000 -CSW/PVC and eTi 4000 -OH-CSW/PVC increases with the increase of whisker loading, because whiskers can restrict the mobility of the PVC segments due to their large length-to-diameter ratio. 40 In addition, the VSTs of eTi 4000 -CSW/PVC composites are higher than that of CSW/PVC composites due to enhanced interfacial adhesion. The VST of eTi 4000 -OH-CSW/PVC composites are even further higher than that of eTi 4000 -CSW/PVC composites at the same whisker loading due to the stronger interfacial adhesion, which could more effectively hinder the motion of PVC chains.
Heat resistance
Thermal stability
The TGA and DTG curves of PVC, CSW/PVC, eTi 4000 -CSW/PVC and eTi 4000 -OH-CSW/PVC composites are shown in Fig. 14  and 15 , respectively. As reported previously, 26 two weight loss stages are observed for all composites. For pure PVC, the rst weight loss stage occurs at about 273 C, which could be due to the dehydrochlorination and the formation of double bonds along the polymer chain. 41 In the temperature range of 292-426 C, the pure PVC becomes thermally stable again because of the formation of conjugated double bonds aer the removal of HCl. 42 The second decomposition stage occurs at 426-473 C, which corresponds to the polyacetylene cracking (the scission of covalent and multiple bonds). A stable residue (i.e., carbon black) is formed at temperatures higher than 473 C.
43
The temperatures of onset decomposition (T onset ), rapidest decomposition (T rpd ), and 50% weight loss residue (T 50 ) are summarized in Table 4 . It is shown that the T onset and T rpd of modied CSW/PVC composites are higher than that of CSW/ PVC composites and pure PVC, indicating an improvement of thermal degradation in mCSW/PVC composites. In addition, the T onset and T rpd of eTi 4000 -OH-CSW/PVC composites are higher than that of eTi 4000 -CSW/PVC composites, because the coupling agents can improve the interface adhesion between CSW and the PVC matrix, 43, 44 and OH-CSW can bond more coupling agents aer hydroxylation.
Conclusions
In this study, CSW coated with Ca(OH) 2 has been successfully prepared by hydroxylation modication and then further modied by eTi 4000 . The results show that hydroxylation modication makes CSW more hydrophilic due to the increase of hydroxyl groups. eTi 4000 -OH-CSW shows a further improvement of hydrophobicity resulting from more coupling agents bonded on the OH-CSW surface. Thus, eTi 4000 -OH-CSW/PVC composites display better mechanical and thermal properties than that of CSW/PVC and eTi 4000 -CSW/PVC counterparts. The yield strength and Young's modulus of the eTi 4000 -OH-CSW/PVC composite with 30 wt% CSW reaches 53.8 MPa and 2319 MPa with an increase of 33.8% and 20.7% compared with CSW/PVC composite, and 24.2% and 21.3% compared with eTi 4000 -CSW/ PVC with the same CSW content, respectively. The exural modulus of eTi 4000 -OH-CSW/PVC composite with 15 wt% CSW is 3807 MPa, with an increase of 28.6% and 18.5% compared with CSW/PVC and eTi 4000 -CSW/PVC composites with the same CSW content, respectively. In addition, eTi 4000 -OH-CSW/PVC composites have better thermal stability than their CSW/PVC and eTi 4000 -CSW/PVC counterparts.
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